Numerous archives suggest that the major ion and isotopic composition of seawater have changed in parallel with large variations in geologic processes and Earth's climate. However, our understanding of the mechanisms driving secular changes in seawater chemistry on geologic timescales is limited by the resolution of data in time, large uncertainties in seawater chemistry reconstructions, and ambiguities introduced by sample diagenesis. We validated the preservation of a suite of $60 unrecrystallized aragonitic fossil scleractinian corals, ranging in age from Triassic through Recent, for use as new archives of past seawater chemistry. Optical and secondary electron microscopy (SEM) studies reveal that fossil coral crystal fabrics are similar to those of modern coralline aragonite. X-ray diffractometry (XRD), cathodoluminescence microscopy (CL), and Raman studies confirm that these specimens contain little to no secondary calcite. In order to screen for geochemical changes indicative of alteration, we measured 87 Sr/ 86 Sr ratios, clumped isotopes, and trace element ratios sensitive to diagenesis (e.g., Mn/Ca). We retain samples when these tests either fail to identify any diagenetic modifications, or identify specific domains free of detectable alteration.
INTRODUCTION
There have been large changes in the major ion concentration and isotopic composition of seawater since the Neoproterozoic as indicated from studies of the mineralogy and geochemistry of marine evaporites, barites and both inorganic and biogenic carbonates (Sandberg, 1983; Hardie, 1996 Hardie, , 2003 Paytan et al., 1998 Paytan et al., , 2004 Lowenstein et al., 2001 Lowenstein et al., , 2003 Lowenstein et al., , 2005 McArthur et al., 2001; Dickson, 2002 Dickson, , 2004 Horita et al., 2002; Ries, 2004; Timofeeff et al., 2006; Farkaš et al., 2007; Zhuravlev and Wood, 2008; Coggon et al., 2010; Porter, 2010; Blättler et al., 2012; Misra and Froelich, 2012 ). An important finding of these studies is that the Mg/Ca ratio of seawater has varied by up to a factor of 5 throughout the Phanerozoic. Times of higher Mg/Ca ratios ('aragonite seas') are coeval with times corresponding to greater deposition of inorganic aragonite cements, sea-level lowstands, and "icehouse" climates. Times of lower Mg/Ca ratios ('calcite seas') are coeval with times corresponding to greater deposition of calcite cements, sea-level highstands, and "greenhouse" climates (Sandberg, 1983; Hardie, 1996; Lowenstein et al., 2001) . These results suggest a fundamental link between seawater chemistry, carbonate mineralogy and Earth's climate state.
A thorough understanding of the geologic and geochemical processes driving this link has yet to be achieved, but would provide valuable insight into the interaction between major domains in the Earth system. Existing records of paleo-seawater chemistry, while pioneering and profoundly important, are limited by the resolution of data in time, uncertainties introduced by assumptions invoked in the reconstructions, or ambiguities introduced by sample diagenesis. In order to supplement existing studies of past seawater chemistry, we assembled a new archive of $60 exceptionally well preserved fossil corals, documented their preservation for seawater paleochemistry studies, and used these samples to reconstruct past seawater Mg/Ca and Sr/Ca ratios back to $230 Ma.
Coral background
Paleontological evidence and phylogenetic analyses based on molecular markers of modern corals suggest that aragonitic scleractinian corals evolved during the Early Paleozoic (Stanley, 2003; Stolarski et al., 2011) , but first became a significant component of the rock record in the Middle to Late Triassic. Consequently, corals have the potential to yield a $230 Myr record of seawater chemistry spanning a full "cycle" of aragonite and calcite seas (Sandberg, 1983; Hardie, 1996) . This feature, along with the observation that corals generally incorporate many trace elements in proportions that are related to their abundance in seawater (Lea et al., 1989; de Villiers et al., 1994; Cohen and McConnaughey, 2003) make corals attractive subjects for paleochemistry studies. Aragonitic scleractinian corals can either grow as large colonies that may form reefs (often harboring dinoflagellate symbionts called zooxanthellae) or as solitary organisms (most frequently without zooxanthellae). Their habitats range from the warm, supersaturated surface ocean to the cold deep ocean.
A sketch of a hand sample and a thin section of a solitary coral, here modeled after the deep sea coral Desmophyllum dianthus, are shown in Fig. 1 . The coral skeleton (or corallum) consists of a cup-like structure (calyx), which hosts the coral animal (polyp). The calyx is made up of an outer wall called the 'theca' and radially oriented plates called 'septa', which provide further structure.
Two aragonite crystal morphologies exist within the skeleton, which are also distinguishable by their geochemistry. Centers of Calcification (COCs), also called 'Rapid Accretion Deposits' (Stolarski, 2003) , appear to run down the middle of the coral septa and theca when corals are viewed in cross section (Fig. 1) . COCs may represent the zone where skeletal growth and CaCO 3 precipitation is initiated (Bryan and Hill, 1941; Cuif and Dauphin, 1998) . Alternatively, COCs may be formed simultaneously with the rest of the growing skeleton but with higher extension rates (Stolarski, 2003; Brahmi et al., 2012; Domart-Coulon et al., 2014) . It has been suggested that the extension rate of the COCs and the possible influence of an amorphous calcium carbonate precursor phase also may lead to greater incorporation of organics or trace elements in this region (Cuif et al., 2003; Meibom et al., 2004 Meibom et al., , 2007 Sinclair et al., 2006) . For the reasons described above, COCs are particularly susceptible to diagenetic alteration and recrystallization. Coral 'fibers', also called 'Thickening Deposits' (Stolarski, 2003) , exist as acicular needles extending out from the COCs and account for most of the mass of the coral skeleton (Cuif and Dauphin, 1998; Perrin, 2003; Tambutté et al., 2011) . Typically, the fibers grow at slower rates than the COCs and are characterized by a different trace element composition (Meibom et al., 2004; Gagnon et al., 2007) . Identifying these crystal morphologies, accounting for their distinct chemistries, and studying their relative preservation is important for reconstructing environmental signals (Gagnon et al., 2007; Meibom et al., 2008) .
If corals are to be utilized as archives of past seawater chemistry, two requirements must be fulfilled. First, there must be a quantifiable relationship between the property of interest (e.g., Mg/Ca) measured in the coral, and that property in seawater. Second, fossil corals must be preserved such that they retain their original geochemical composition. For our purposes, it is not essential that a specimen be entirely composed of pristine biogenic aragonite. This condition is rarely, if ever, met Griffiths et al., 2013) . For example, secondary aragonite overgrowths have been found in a modern coral as young as 40 years old, and secondary calcite cements have been found in fossil corals that lived less than one thousand years ago (Sayani et al., 2011) . Instead, we require that either (1) the main coral skeleton retains its primary mineralogy, crystal habit, and geochemistry regardless of whether secondary overgrowths are present, and/or (2) that corals possess domains of pristine aragonite that are large enough to sample for our studies.
Corals as recorders of seawater properties
There is a strong foundation for reconstructing seawater Sr/Ca from corals, and some evidence that corals should accurately record past seawater Mg/Ca as well. Coral Sr/Ca ratios are higher than the seawater Sr/Ca ratio by only 15-20%, consistent with the inorganic aragonite partition coefficient: Sr/Ca aragonite /Sr/Ca solution = 1.15 (Gaetani and Cohen, 2006) . In a pioneering study, Swart (1981) grew corals in solutions with varying Sr/Ca compositions and found that the Sr/Ca ratios measured in the newly grown skeletons increased linearly with the Sr/Ca ratio of the growth solutions, suggesting that coral Sr/Ca is dependent on seawater Sr/Ca. They also found that Sr/Ca depended on Mg/ Ca -a result that remains to be verified. The coral Sr/Ca temperature dependence is small as well; for every 1°C increase in temperature there is only a 1% decrease in Sr/ Ca, indicating that temperature should not significantly bias seawater Sr/Ca reconstructions (Beck et al., 1992; de Villiers et al., 1994; Marshall and McCulloch, 2002; Corrège et al., 2004; Gagan et al., 2012) . In addition, while Sr/Ca ratios have been shown to vary over scales of microns and tens of microns within the coral skeleton (Meibom et al., 2004; Gagnon et al., 2007) , indicating the presence of 'vital effects', bulk coral Sr/Ca ratios are less variable. For example, modern surface corals living in waters between 20 and 30°C give Sr/Ca ratios ranging between 8.8 and 9.5 mmol/mol (Beck et al., 1992; de Villiers et al., 1994; McCulloch et al., 1999) , suggesting that it should be possible to resolve changes in the seawater Sr/Ca ratio that are $1 mmol/mol or greater. These observations show that seawater Sr/Ca likely is the dominant control on the Sr/Ca ratio of the coral skeleton, and that corals are prime candidates for reconstructing past seawater Sr/Ca. Some empirical evidence also suggests that coral Mg/Ca scales with the seawater ratio. Ries et al. (2006) , working with a small dataset, found that the Mg/Ca composition of coral aragonite grown in culture solutions with different Mg/Ca ratios was positively correlated with the Mg/Ca ratio of the growth solution. Likewise, Lorens and Bender (1980) found a linear dependence between Mg/Ca in mussel aragonite and the Mg/Ca of the water in which it was grown. Finally, as we show below, the Mg/Ca ratios of fossil corals measured in this study track past seawater Mg/Ca ratios as inferred from other archives.
On the other hand, it is unclear whether Mg substitutes into the aragonite crystal lattice, or whether it exists primarily in either organic or disordered inorganic compounds (Finch and Allison, 2008) . Observations that Mg/Ca ratios in modern coral fibers (excluding COCs) vary by about a factor of 3 on length scales 61 lm also highlight that fine scale variations in Mg/Ca depend on vital effects that remain to be understood (Meibom et al., 2004 (Meibom et al., , 2008 . Secondary Ion Mass Spectrometry (SIMS) analyses (spot diameter $30 lm), which we use here to measure element/Ca ratios, serve to average out this considerable variability at the 61 lm scale and are thus well-suited for our purpose. In this study, we assume a linear dependence of the Mg/Ca ratio of corals on seawater Mg/Ca. This assumption will be reassessed as coral chemistry is better understood.
Fossil coral preservation
Scleractinian corals build skeletons of aragonite, a metastable polymorph of CaCO 3 . Most fossil corals undergo recrystallization to calcite, during which elements and isotopes can be exchanged, altering the geochemistry of the skeleton and rendering the fossils unsuitable for paleochemical study (Pingitore, 1976; Brand and Veizer, 1980) . However, it is possible to find specimens as old as Triassic in age that retain their original aragonitic mineralogy (Bender, 1973; Stanley and Swart, 1995; Sorauf, 1999; Getty et al., 2001; Ivany et al., 2004; Stolarski and Mazur, 2005; Denniston et al., 2008; Mertz-Kraus et al., 2009; Griffiths et al., 2013) . Indeed, preservation of coral aragonite may be more straightforward to assess than preservation of calcite because the very survival of aragonite suggests that a specimen is unaltered. Stolarski et al. (2007) also recently identified a set of Cretaceous-age scleractinian corals composed of primary calcite and suggested (Stolarski, 2003) , are oriented parallel to the coral septum and appear opaque and dark in color. Coral 'fibers', or 'Thickening Deposits' (Stolarski, 2003) , radiate outward from the COCs.
that these corals may have produced calcitic skeletons as a result of the low Mg/Ca ratio of the Cretaceous ocean. In this study, we focus only on aragonitic corals. While many previous workers have used petrographic and mineralogical techniques to assess coral preservation, geochemical tools have also been employed (Bender, 1973; Griffiths et al., 2013) . For example, Bender (1973) identified $45 well preserved Cenozoic corals and dated them by U-Th/He. The aragonitic fossil coral skeletons did retain most of their radiogenic He suggesting good preservation. By pairing petrographic and mineralogical tools with geochemical means of assessing preservation, we show that it is possible to identify fossil coral specimens that can be used to reconstruct original environmental properties. Our validations also yield a set of specimens that can be used by others to study additional properties of seawater. Fig. 2 illustrates the range of geologic localities from which samples were collected, and Table 1 lists the diagenetic tests performed on each specimen to validate their preservation. A complete summary of ages, locations, loaning institutions, and classifications of fossil coral specimens that we deem fit for use in paleochemistry reconstructions is given in the Electronic Annex EA-1. Electronic Annex EA-2 gives a list of additional specimens that were examined, but which did not pass our diagenetic tests.
SAMPLES AND METHODS

Sample preparation
The majority of samples were prepared at Princeton University for chemical analysis. In preparation for optical microscopy, Scanning Electron Microscopy (SEM) examination, and trace element analysis by SIMS, thick sections approximately 1 cm in width were cut from each hand sample in the transverse plane perpendicular to the coral septa. Sections were ultrasonicated in deionized water for 20 min (3Â). Thin sections were prepared either by Applied Petrographic Services, Inc. or at the Institute of Paleobiology in Warsaw, Poland as described in Stolarski and Mazur (2005) . Prior to SIMS analysis, thin sections were carbon-coated at the Geological and Planetary Sciences Division Analytical Facility at the California Institute of Technology.
For clumped isotope and Sr isotope analyses, $50 mg pieces of coral were chipped from hand samples, cleaned as described above, and powdered using a mortar and pestle. In the case of older specimens with coexisting sparry calcite infill, powders were drilled using a Dremel tool from fresh-cut surfaces of hand samples and/or thick sections. In many cases, we could not avoid secondary cements in these samples and we quantify the amount of secondary calcite in powders using X-ray diffraction (XRD). Good clumped isotope and Sr isotope results for these mixed powders validate the samples for SIMS measurements. However, we note that bulk measurements of geochemical properties in these samples often reveal a diagenetic component.
X-ray diffraction (XRD)
Thin sections and aliquots of powder samples used for bulk geochemistry were examined for the presence of aragonite and calcite using a Bruker D8 Discover X-ray diffractometer at Princeton University. Specimens that gave XRD patterns with both aragonite and calcite peaks required further investigation by SEM and optical microscopy to determine if there were domains of well preserved material appropriate for our study (Table 1 , Electronic Annex EA-3, EA-4).
Imaging methods
Polished thin sections were studied with a Leica DMLP microscope (Princeton University) and a Nikon Eclipse 80i microscope fitted with a DS-5Mc cooled camera head (Institute of Paleobiology, Warsaw) to look for textures Table 1 Summary of diagenetic tests performed on samples that we find to be well preserved enough to reconstruct seawater Mg/Ca and Sr/Ca. '-' = test performed and passed, 'X' = test performed and not passed, 'ND' = test not performed. 'AC' = acicular texture; 'I' = indurated with calcite or sediment; 'SA' = secondary aragonite overgrowth; 'D' = COC dissolution; 'M' = mud infilling; 'A' = aragonite; 'C' = calcite; 'S' = silicates. Bold-faced samples correspond to those which failed one of our diagenetic tests, but which may still be suitable for study by microanalysis. indicative of alteration. Observations were performed in transmitted, polarized, and reflected light. Regions that were determined to be best preserved were imaged in reflected light using a Zeiss Discovery V12 microscope (Princeton University Imaging and Analysis Center) to provide a map for sampling during SIMS analysis. An FEI Quanta FEG Environmental-SEM (E-SEM) at the Princeton Imaging and Analysis Center was used to examine a subset of thin sections, concentrating specifically on those thin sections containing a mixture of aragonite and calcite as indicated by XRD. E-SEM analyses were conducted using both Secondary Electron (SE) and Backscattered Electron (BSE) modes, and were used to identify regions that exhibit the best preserved crystal morphologies.
A subset of specimens was also imaged by cathodoluminescence microscopy (CL) and Raman confocal microscopy as described in Frankowiak et al. (2013) to achieve a better spatial understanding of calcite and aragonite distributions in samples for which both polymorphs were present. Raman maps of calcite and aragonite polymorphs were extracted from raw Raman data through a direct classical least squares (DCLS) modelling procedure performed on the multidimensional spectral array. At each spectrum within the array the DCLS modelling procedure finds a linear combination of the reference component spectra which best fits the data. The reference spectra were selected from the raw data at specific positions where only aragonite or calcite were present, respectively.
Secondary Ion Mass Spectrometry (SIMS)
Trace element ratios were measured using a Cameca ims 7f-GEO at the California Institute of Technology Microanalysis Center. A negative oxygen ion (O À ) beam with a 25 lm raster size and a 15 nA beam current was used to pre-sputter the sample surface for 240 s at each analysis point. Subsequently, a 2 lm raster O À beam with 5 nA beam current was used to sputter ions from the sample for data acquisition. At each spot, 15 cycles were measured for 23 Na (1 s/cycle counting time, $700,000 cps), 24 Mg (1 s/cycle counting time, $7000 cps), 32 S (6 s/cycle counting time, $200 cps), 42 Ca (1 s/cycle counting time, $100,000 cps), 88 Sr (1 s/cycle counting time, 180,000 cps). 55 Mn (10 s/cycle counting time) count rates were low ($3 cps) in pristine samples, but up to $1000 cps where recrystallization was significant. The total analysis time for all 15 cycles (including pre-sputtering time and measurements of other isotopes not listed here) was 10 min. For each fossil coral thin section, at least one transect of approximately 10 sampling points was measured across the coral septa. In most cases at least 3 transects were measured. Achieved precisions for individual coral SIMS spot data for Mg/Ca, Sr/Ca, Na/Ca, and S/Ca are <3% (2r S.E.). Precision for Mn/Ca ranges from <2-25% (2r S.E.) where recrystallization is significant.
Raw data were referenced to the carbonatite standard, OKA-II, which has been found to be an accurate standard for Sr/Ca and Mg/Ca ratios for carbonate samples of unknown composition (Gabitov et al., 2013) . During the course of an analytical session lasting 1 week, OKA-II was measured between 10 and 15 times. Following Gabitov et al. (2013) , samples were only referenced to standard data acquired from within the sections of OKA-II that are homogeneous with respect to Mg/Ca and Sr/Ca. Measured element/Ca intensity ratios for Mg/Ca and Sr/Ca measurements in OKA-II across two years of analytical sessions are 0.163 ± 3% and 2.45 ± 2%, respectively (1r S.D.). Measured values for Mn/Ca, Na/Ca, and S/Ca in OKA-II are 0.065 ± 3%, 0.378 ± 7%, and 1.3 Â 10 À5 ± 45% (1r S.D.) respectively. The large uncertainty in S/Ca is due to extremely low S concentrations in OKA-II and the resulting very low count rates. Precision (reproducibility) of S count rates was good in our fossil corals. Relative S/Ca ratios are robust but absolute ratios are highly uncertain. Sr/Ca and Mg/Ca elemental ratios were measured in grain matched samples of OKA-II by Isotope Dilution Inductively Coupled Plasma Mass Spectrometry (ID-ICP-MS) (Gabitov et al., 2013) , and Mn/Ca and Na/Ca ratios in OKA-II were measured using a ThermoFinnigan Element2 ICP-MS at Princeton University. S/Ca ratios in OKA-II were measured by Ion Chromatography at the California Institute of Technology as described in Paris et al. (2013) .
Following SIMS analysis, each thin section was studied a second time with a petrographic microscope to determine the placement of SIMS pits. Data from SIMS pits that apparently sampled epoxy, calcite infilling, COCs, or secondary aragonite overgrowths (instead of coral skeleton) were excluded from reconstructions of seawater Sr/Ca and Mg/Ca. The full data set from SIMS measurements, including SIMS data from spots that sampled epoxy or secondary materials, is presented in the supplementary materials (Electronic Annex EA-5, EA-6).
Clumped isotopes
A representative subset of 27 fossil coral specimens was analyzed for carbonate clumped isotope paleotemperatures to test for burial diagenesis (Eiler, 2007; Dennis and Schrag, 2010; Huntington et al., 2011; Passey and Henkes, 2012) . With the exception of one coral that we determined to be poorly preserved, R10 (see Electronic Annex EA-2), between 2 and 5 replicate measurements were made for each sample (Electronic Annex EA-7). Analyses were performed at Harvard University, following the procedure of Dennis and Schrag (2010) , with the data presented in the absolute reference frame as described in Dennis et al. (2011) . Improbably high clumped isotope temperatures (>40°C) measured on a small number of samples are suggestive of alteration in a high temperature environment.
Sr isotopes
Approximately 70% of the fossil corals analyzed by SIMS were also measured for Sr isotopes (Electronic Annex EA-8). Powders of coral skeleton were dissolved in 1 N HNO 3 , and un-spiked Sr 2+ was isolated by ion exchange chromatography with an Eichrom Sr-spec resin. (Faure and Mensing, 2005) , was passed through the entire chemical procedure with each group of samples, and exhibited a long term average composition of 87 Sr/ 86 Sr = 0.709170 ± 0.000014 (2r S.D.) (n = 6).
RESULTS AND DISCUSSION
Screening samples for diagenesis
Samples must meet the following criteria in order to be considered well preserved: (1) visual inspection of hand samples must indicate good preservation of coral morphology, (2) XRD must indicate specimens are preserved as aragonite (except in cases where corals are visibly infilled with cement), (3) optical microscopy and SEM must show preservation of crystal ultrastructure, (4) Raman spectroscopy must suggest the absence of calcite within the coral skeleton, (5) results of SIMS and CL studies must indicate low Mn concentrations within the skeleton, (6) trace element patterns found in most fossil corals must agree with those observed in most modern corals, (7) carbonate clumped isotope temperatures must be below 40°C, and (8) stratigraphic age inferred from the 87 Sr/ 86 Sr ratio must agree with independently determined stratigraphic age. All of these criteria contribute valuable insight into fossil coral preservation.
We investigated 99 samples in total using at least one of the tests above, 63 of which were determined to be well preserved for our purposes (Table 1 , Electronic Annex EA-1, EA-2). Of those 63, two samples failed one of our diagenetic tests (the clumped isotope test and Sr isotope test, respectively) but passed all other tests for diagenesis. Because both of these samples are infilled with calcite or sediment, and because the clumped isotope and Sr isotope tests were performed on bulk powders containing (for these samples) a mixture of coral and infilling, we conclude that they still are likely to be suitable for microanalysis but are not well enough preserved to use for bulk geochemistry. 
X-ray diffraction
We measured 15 thin section samples (out of the 63 samples determined to be well preserved) with both aragonite and calcite XRD peaks (Table 1) . Three samples (Pl1, Pa2, K1) also showed peaks corresponding to silicate minerals. All of these thin sections contained visible sediment or calcite infilling when examined using a petrographic microscope, as in Fig. 3a . The presence of indurated calcite cement or sediment in Mesozoic and Early Cenozoic samples is common; of the 18 fossil corals older than $50 Ma that we determined to be well-preserved, 13 are characterized by infilling of the coral skeleton with secondary calcite spar as in Fig. 3a . In contrast, only 2 of the 46 specimens younger than $50 Ma that we determined to be well preserved are infilled, although carbonate muds are present in some specimens and secondary aragonite is also sometimes visible as protruding needles (Fig. 3b) . Small percentages of calcite were also quantified in drilled powder samples used for bulk geochemical analyses. The presence of calcite in these samples may be related to partial recrystallization of the COCs or the presence of carbonate muds. These samples (marked with asterisks in Table 1 ) may not be suitable for bulk geochemistry.
Microscopy
To better quantify the spatial distribution of aragonite and secondary minerals in infilled samples, we studied our samples using petrographic microscopy, Raman microscopy, SEM, and CL. Petrographic microscopy and SEM are used to identify textures typical of either primary aragonite or secondary calcite, that may suggest the absence or presence of alteration, respectively (see Fig. 3 , Electronic Annex EA-3). In well preserved samples (e.g., Fig. 3a-c ) the acicular habit typical of primary coralline aragonite is visible within the skeleton, suggesting good preservation of aragonite fibers. Poorly preserved specimens are often characterized by the presence of a transparent, nongranular texture within the area of the COC when viewed by optical microscopy and blocky textures extending into the fibers (Fig. 3d) . As the COCs become more pervasively altered, these zones take on the appearance and texture of calcite spar (Fig. 3d, e) . In specimens for which dissolution and recrystallization are limited to the COCs, it is possible to avoid these zones when choosing targets for SIMS spots (e.g., Fig. 3c ). Other textural features that we used as exclusion criteria include dissolution pits, 'fibrous micropores' (Bar-Matthews et al., 1993; Fig. 3f) , and evidence of micro-boring Nothdurft and Webb, A.M. Gothmann et al. / Geochimica et Cosmochimica Acta 160 (2015) 188-208 197 2009) (see samples R5-R8, Electronic Annex EA-2; EA-3). While petrographic microscopy and SEM studies help to better understand the preservation state of our specimens, we are unable to confirm the absence of calcite within the coral skeleton using petrographic microscopy and SEM alone. CL and Raman analyses allow us to better constrain the spatial distribution of calcite in infilled samples. Samples passing our CL and Raman tests are generally characterized by the absence of luminescence (CL) and calcite mineralogy (Raman) within the coral skeleton, despite the presence of highly luminescent and calcite-rich infilling (Fig. 4) . Some samples that we designate as 'well preserved' do contain calcite-rich, luminescent zones near the COCs (Electronic Annex EA-9 to EA-12) consistent with preferential dissolution and recrystallization of the COCs as recognized in our petrographic microscopy studies. While we retain these samples as part of our suite, we note that they are unsuitable for bulk analysis and we discard any SIMS data that overlap with the luminescent or calcite-rich zones. Samples failing our CL and Raman tests are typically characterized by domains of calcite intercalated with aragonite at the micron-scale, as shown in Frankowiak et al. (2013) . Because both bulk and SIMS measurements of these corals would include a diagenetic component, we excluded such samples from our seawater chemistry reconstructions (see Electronic Annex EA-2).
Mn/Ca ratios
Mn/Ca ratios measured concurrently with other metal/calcium (Me/Ca) ratios using SIMS further ensure that we identify small diagenetic domains that may not have been detected by our other tests (SEM, petrographic microscopy, CL, and Raman). The partition coefficient for Mn in calcite is greater than that for Mn in coral aragonite (Pingitore, 1978; Shen et al., 1991) and so diagenetic calcite will usually be enriched in Mn. In addition, if recrystallization occurs in reducing waters, those diagenetic fluids should contain far more dissolved Mn than seawater, leading to very high concentrations of Mn in the diagenetic phase (Brand and Veizer, 1980) . For some samples older than Miocene in age, one or more SIMS spot measurements had anomalously high Mn/Ca ratios outside of the range measured in modern corals (Mn/Ca ModernCoral % 0.01-10 lmol/mol; Shen et al., 1991) . We attribute these high Mn/Ca ratios to small-scale recrystallization of the skeleton. The highest Mn/Ca ratio measured was 3700 lmol/mol for a Triassic age specimen. This is at least 3 orders of magnitude higher than the highest Mn/Ca ratios reported for modern specimens. Similarly high Mn/Ca ratios have recently been measured and identified as the contaminant phase, kutnahorite, in foraminifera shells (Pena et al., 2005) . As our criterion for small-scale recrystallization, we used the maximum Mn/Ca ratio measured in Shen et al.: Mn/Ca = 10.3 lmol/mol. Any spots with Mn/Ca >10.3 lmol/mol were excluded from reconstructions of seawater Mg/Ca and Sr/Ca. In practice, decreasing our exclusion threshold to values lower than 10.3 lmol/mol has very little impact on average Mg/Ca and Sr/Ca ratios. Fig. 5 shows Mn/Ca, Mg/Ca and Sr/Ca measurements across representative SIMS transects from two different Cretaceous age specimens (K1 and K3) and illustrates how we used Mn/Ca to recognize fine scale recrystallization. Also shown are plots of Mg/Ca vs. Mn/Ca for all of the SIMS spot analyses measured for these samples across multiple transects (Fig. 5c, d ). Both K1 and K3 were determined to be well preserved based on XRD, petrographic microscopy and SEM. Mn/Ca ratios in K1 fall below the threshold value of 10.3 lmol/mol at all spots measured across the transect shown in Fig. 5a except for a single SIMS point that overlaps with the COC. The COC is judged to be recrystallized, and the average Mg/Ca and Sr/Ca ratios for this sample are calculated from the remaining SIMS data. In contrast, Mn/Ca in K3 is elevated across the entire transect shown in Fig. 5b (especially at spots 1-4, 7, 10, and 11) although in other regions of sample K3 we identify spots with Mn/Ca below 10.3 lmol/mol (Fig. 5d) . For most of the spots where we observe high Mn/Ca ratios, we observe that Sr/Ca ratios are low and Mg/Ca ratios are high. This general pattern is consistent with diagenetic alteration to calcite, which lowers Sr/Ca while raising Mg/Ca and Mn/Ca (Brand and Veizer, 1980; Webb et al., 2009) .
We also find that rejected samples with micron-scale, intercalated domains of calcite and aragonite (as indicated by CL and Raman; e.g., samples R1, R3, and R4) all have Mn/Ca >10.3 lmol/mol. This result shows that our quantitative studies of Mn/Ca agree with CL imaging and Raman spectroscopy studies, and helps create a consistent pattern of preservation across our sample set.
We make three conclusions from our SIMS studies of Mn/Ca. First, despite careful study by XRD, SEM, and petrographic microscopy, we document local alteration through SIMS measurements of Mn/Ca. CL and Raman confirm these results (Electronic Annex EA-9 to EA-12). Second, even when specimens are partially altered, it is possible to access and characterize pristine domains, avoiding Mn-rich regions according to the criterion described above. Third, bulk geochemical measurements for specimens with high Mn/Ca SIMS spots reflect a combination of primary and secondary material, and thus cannot provide robust paleoenvironmental information; microanalysis techniques are necessary to recover the original geochemical signatures from these specimens (these samples are marked by asterisks in Table 1 ).
Trace element patterns
As another test of diagenesis, we determine whether element/Ca ratios in fossil corals exhibit the same patterns as in modern corals. Sr/Ca ratios vary inversely with Mg/Ca ratios in aragonite drilled from modern coral fibers, although this pattern is not observed in the COCs (Gagnon et al., 2007; Gaetani et al., 2011) . We generally expect to find a relationship between Sr/Ca and Mg/Ca in our fossil corals if they are well preserved. However, we do not reject samples that fail to show the relationship due to its absence in some modern corals measured by SIMS (e.g., Allison and Finch, 2010) . NanoSIMS studies that measure Mg/Ca and Sr/Ca at a finer scale (spot size <1 lm) also fail to observe this pattern, suggesting that the relationship may be scale dependent (Meibom et al., , 2008 . In addition to the relationship between Mg/ Ca and Sr/Ca, Recent corals and other aragonites also show a positive relationship between S/Ca and Na/Ca ratios (Busenberg and Plummer, 1985 ; Bar-Matthews Approximately 80% of corals in our sample set display an inverse relationship similar to that observed by Gagnon et al. (2007) . Data shown in grey represent spots corresponding to low Mn/Ca ratios whereas data plotted in red represent spots corresponding to high Mn/Ca ratios. In the case of the Triassic age sample, high Mn/Ca spots represent SIMS analyses that were measured both in the calcite matrix in which the coral skeleton was embedded, and within the coral skeleton itself (representing recrystallization of the skeleton). Standard errors for Mg/Ca and Sr/Ca SIMS spot analyses are 3% and 1%, respectively (2r S.E.). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) et al., 1993), which we expect to see in our samples if they are well preserved.
Results of SIMS element/Ca analyses (Mg/Ca, Sr/Ca, Mn/Ca, Na/Ca, and S/Ca) for each sample in our study set are listed in Electronic Annex EA-5. Approximately 80% of all fossil corals exhibit an inverse relationship between Sr/Ca and Mg/Ca, similar to that observed by Gagnon et al. (2007) , supporting the primary nature of our samples (Fig. 6 , Electronic Annex EA-13). Previous studies have suggested that, while Sr substitutes directly into the aragonite crystal lattice, a significant portion of coral Mg may exist in either organic or disordered inorganic compounds (Finch and Allison, 2008) . This distribution of Mg raises concerns about the stability of Mg in corals over the timescales we are investigating. The preservation of Sr/Ca-Mg/Ca relationships across our fossil suite supports the conclusion that both Sr and Mg are preserved at a fine scale within the coral skeleton. Moreover, we fail to observe evidence for loss or gain of Mg from the boundaries of the coral skeleton that would raise concerns about preservation.
An inverse correlation between Sr/Ca and Mg/Ca could also be imparted by diagenetic alteration, as described above (Brand and Veizer, 1980) . This diagenetic trend is typically distinct from primary patterns between Sr/Ca and Mg/Ca in that the diagenetic Sr/Ca-Mg/Ca trends exhibit much shallower slopes (Fig. 6 ). In addition, Mg/ Ca ratios measured by SIMS in our modern corals vary by a factor of 2-5 while variability in altered fossils can be much greater (e.g., the variation exhibited within the high-Mn/Ca zones of the Triassic age sample shown in Fig. 6 is about a factor of 10).
We also observe a general positive correlation between Na/Ca and S/Ca in our fossil and modern corals. This pattern is similar to that observed by Busenberg and Plummer (1985) and Bar-Matthews et al. (1993) for various modern corals, young fossil corals, and other inorganic aragonites (Fig. 7) . Additional plots of Na/Ca vs. S/Ca relationships from within a few individual coral specimens can be found in Electronic Annex EA-14. While corals and aragonites measured in previous studies show a tight positive correlation (Fig. 7a) , both modern and fossil corals from this study exhibit a larger spread in both Na/Ca and S/Ca space (Fig. 7b) . Our data represent individual SIMS spot measurements whereas data from Busenberg and Plummer (1985) and Bar-Matthews et al. (1993) represent bulk measurements made on powder samples and averages of electron microprobe data, respectively. The different scales of observation explain some, but not all, of the greater variability in our samples.
Data from Busenberg and Plummer (1985) and BarMatthews et al. (1993) also show that modern corals exhibit the highest Na/Ca and S/Ca, while Pleistocene-age fossil corals (younger than almost all of our fossil coral samples) are more depleted in Na and S relative to Ca (Fig. 7) . Secondary aragonite and other inorganic aragonites (fibrous, acicular, and oolitic) are characterized by the lowest Na/Ca and S/Ca ratios. Bar-Matthews et al. (1993) suggest that this pattern may indicate a relationship between Na and S concentrations and preservation, where lower Na/Ca and S/Ca ratios indicate poor preservation. Similar to Bar-Matthews et al., we find that Na/Ca and S/Ca ratios are highest in our Recent coral samples, but most fossil corals ranging in age from Pleistocene through Jurassic retain S/Ca ratios within the range of our modern specimens. This aspect of the data suggests good preservation. Some SIMS measurements of S/Ca and Na/Ca ratios in fossil corals also fall outside the modern field. Two factors likely contribute to this departure. One is that our modern field is based on only 2 specimens and is unlikely to cover all variability. The other is that departures are expected as seawater [Ca 2+ ] and possibly [SO 4 2À ] varies through time (Paytan et al., 1998 (Paytan et al., , 2004 Lowenstein et al., 2003) . Indeed, the low Na/Ca ratios in many Mesozoic samples (as well as the lower S/Ca ratios for some samples) may reflect higher seawater [Ca] during the Mesozoic (Lowenstein et al., 2001 (Lowenstein et al., , 2003 (Lowenstein et al., , 2005 Horita et al., 2002; Dickson, 2002 Dickson, , 2004 Timofeeff et al., 2006 ; Brennan S/Ca (mmol/mol) S/Ca (mmol/mol) Na/Ca (mmol/mol) Na/Ca (mmol/mol) Modern + Fossil coral (Bar-Matthews et al. 1993) Modern coral (Busenberg and Plummer, 1985) Oolitic aragonite (Bar-Matthews et al. (Busenberg and Plummer, 1985; Bar-Matthews et al., 1993) , and inorganic aragonites (Bar-Matthews et al., 1993) . Bar-Matthews et al. data represent averages of $30 spot measurements (1 lm diameter) analyzed by electron microprobe. Uncertainties are 6% (2r) for Na/Ca data and 7% (2r) for S/Ca data. (B) S/Ca vs. Na/Ca ratios measured in fossil corals (this study). Each symbol corresponds to a single SIMS spot analysis. Standard errors for Na/Ca and S/Ca are approximately 2% and 3%, respectively (2r). S/Ca and Na/Ca generally show a positive correlation.
et al. , 2013; Holt et al., 2014; this work) . A few extremely low S/Ca and Na/Ca measurements from Triassic corals may indicate inferior preservation and suggest that other compositional data from these samples should be interpreted with caution. In general, we do not see relationships between low S/Ca or Na/Ca ratios and Mg/Ca ratios that might indicate the latter ratio is diagenetically altered (see Electronic Annex EA-15).
Carbonate clumped isotopes
Carbonate clumped isotope thermometry studies complement our independent tests of alteration by further supporting the good preservation of most of our samples, and by confirming the poor preservation of samples that we classify as 'altered' by other independent tests (Fig. 8 , Electronic Annex EA-2, EA-7). Aliquots of powders used in clumped isotope measurements were also measured by XRD (see Table 1 ).
Coral clumped isotope temperatures fall into three groups. First, most samples have clumped isotope temperatures around 25-30°C, consistent with growth in warm surface waters. The clumped isotope temperatures of these samples give additional evidence for their excellent preservation.
Second, specimens E7, R1, R9, and R10 give average clumped isotope temperatures P40°C, which are likely incompatible with early Cenozoic and Mesozoic surface ocean temperatures (Pearson et al., 2001 (Pearson et al., , 2007 Zachos et al., 2001; Keating-Bitonti et al., 2011) . We assume R1, R9 and R10 underwent burial diagenesis, and exclude these samples from our seawater chemistry reconstructions. Sample E7 was shown to be well preserved based on our other tests. This sample was infilled with calcite cement that could not be separated in drilling the powder sample, and the high clumped isotope temperature probably results from contamination by this secondary calcite (35%; Table 1 ). The powder from Sample Tr3, which also produced a relatively high clumped isotope temperature (38°C), is characterized by a high percentage of calcite derived from infilling cement (37%) as well. We retain both samples in our reconstructions of Sr/Ca and Mg/Ca based on SIMS data, but flag the points in Fig. 10 (red squares instead of red circles) to indicate some ambiguity in the quality of their preservation.
Third, some specimens yield relatively cold clumped isotope temperatures. These temperatures could result from growth in cool subsurface waters, meteoric diagenesis, or coral vital effects; for some species of shallow water coral, clumped temperatures have been found to underestimate true growth temperatures by up to $12°C (Ghosh et al., 2006; Saenger et al., 2012) . We suggest that our clumped isotope measurements give robust minimum temperatures for well-preserved samples but cannot be used to infer absolute temperatures until vital effects in shallow water corals are better understood.
Sr Isotopes
Sr isotopes measured on a subset of fossil corals also indicate good preservation of our specimens (Fig. 9 , Electronic Annex EA-8). Our Sr isotope criterion for good preservation is that the 87 Sr/ 86 Sr ratio measured in a coral must agree (within analytical uncertainty) with the 87 Sr/ 86 Sr ratio of seawater at the stratigraphic age of the sample. The ages of most of our samples are independently known within ±5 My or better, but in some cases ages are only constrained to a geologic epoch. While other studies have found a small fraction of well preserved fossil aragonites (though not corals) that apparently deviate from the Sr isotope curve for reasons other than poor preservation (McArthur et al., 1994; Ivany et al., 2008; Marcano et al., 2009) , we make the conservative assumption that anomalous Sr isotope ratios signify diagenetic alteration.
Using independently estimated ages, all but one of the $45 powders analyzed give 87 Sr/ 86 Sr ratios that are within error of those predicted by the McArthur et al. (2001) Sr isotope curve (Fig. 9 , Electronic Annex EA-8). It is surprising that even samples containing some calcite give Sr isotope ages consistent with the expected age. There are three possible explanations for this observation. First, and most likely, the Sr content of the secondary calcite is too low to shift the original Sr isotope ratio preserved in the primary aragonite phase. Second, precipitation of secondary minerals may have occurred relatively soon after the coral built its skeleton in a solution with a similar composition as contemporaneous seawater. Third, the calcite may have precipitated later, but from a diagenetic fluid with the same Sr isotope composition as the original skeleton.
A single coral, the Paleocene-age specimen Pa2, gave an 87 Sr/ 86 Sr age that disagreed with the expected age; the 87 Sr/ 86 Sr ratio measured was too high by about 0.00005. This deviation is small and the measured value falls nearly within the range of input data to the Sr isotope curve for the Paleocene (McArthur et al., 2001 ). Leaching of radiogenic Sr from silicate minerals having a high 87 Sr/ 86 Sr ratio may also account for the slightly elevated composition observed, as the powder XRD pattern for this specimen indicates the presence of quartz and/or other aluminosilicate minerals (Electronic Annex EA-4). We retain this sample as part of our suite, but flag it in Fig. 10 (red square instead of red circle) to show that it has failed our Sr isotope test.
Overall, our studies indicate that, by using multiple diagenetic indicators, it is possible to find well preserved scleractinian corals, or domains within skeletons exhibiting good preservation, as old as Triassic in age. These specimens appear to retain their original chemical and isotopic composition and can be used for paleoenvironmental reconstructions. Many samples with partially preserved skeletons may not be suitable for bulk analysis of powders, but it is possible to obtain primary geochemical signatures from these specimens using microanalysis techniques such as SIMS (marked by asterisks in Table 1 ). We find that some other samples containing a mixture of primary and secondary material (e.g., R1, R3 and R4) are too compromised to extract original paleoenvironmental signatures even with the use of microanalysis techniques.
Secular variations in seawater Mg/Ca
The average Mg/Ca ratio of 2 modern surface dwelling corals measured in this study using SIMS is Fossil Corals -passed all tests (this study) Fossil Corals -failing 1 test (this study) CaCO Veins (Coggon et al., 2010) CaCO Veins (Rausch et al., 2013) Brine Inclusions (see caption) Echinoderms (Dickson, 2002; Gastropods (Tripati et al., 2009) Gastropods (Sosdian et al., 2012) Benthic Foraminifera (Lear et al., 2003) Fish Teeth (Balter et al., 2011) Brachiopods, Belemnites, and Rudists (Steuber and Veizer, 2002) Fossil Corals (Griffiths et al., 2013) Fossil Corals (Ivany et al., 2004) Large Benthic Forams (Evans et al., 2013) Red circles correspond to results from well preserved fossil corals (this study). Red squares with black borders represent fossil corals (this study) that passed all but one of our diagenetic tests. Brine inclusion data are from Lowenstein et al. (2001 Lowenstein et al. ( , 2003 Lowenstein et al. ( , 2005 , Horita et al. (2002) , Brennan et al. (2004 Brennan et al. ( , 2013 , Timofeeff et al. (2006) . (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 4.0 ± 0.3 mmol/mol, which is similar to values reported in other SIMS studies of modern coral and previously unpublished bulk measurements of modern surface corals (n = 123) (Electronic Annex EA-16). Using these modern SIMS and bulk Mg/Ca data, we calculated a partition coefficient K D Mg/Ca = (Mg/Ca) coral /(Mg/ Ca) seawater = 7.0 Â 10 À4 , which we applied to reconstruct seawater Mg/Ca from fossil coral data.
Our reconstruction of the seawater Mg/Ca ratio, calculated from the average Mg/Ca composition of individual fossil corals and the distribution coefficient, is shown in Fig. 10a . This history is qualitatively and quantitatively consistent with histories derived from other archives, including brine inclusions in halite, hydrothermal CaCO 3 veins, fossil echinoderms, and a few studies of other fossil corals. Seawater Mg/Ca ratios inferred from corals are lowest during the Jurassic and Cretaceous, and exhibit a nearly 5-fold increase from the Late Mesozoic to the present.
Because coral Mg/Ca is sensitive to temperature (Mitsuguchi et al., 1996) , we have assessed the impact of temperature variability for our reconstruction. Coral Mg/ Ca ratios are positively correlated with temperature and exhibit a dependence of $0.13 mmol/mol°C À1 (Mitsuguchi et al., 1996) , or about 3%°C À1 . Based on our knowledge of growth environments (see Electronic Annex EA-1), we estimate that fossil coral growth temperatures ranged between 20 and 35°C for the bulk of our sample set (Keating-Bitonti et al., 2011; Littler et al., 2011) . As a result, we should expect to find ±25% variability about the average of our Mg/Ca ratios for corals of the same geologic age, which is roughly compatible with our data. This range of ±25%, although large as illustrated by the spread in the modern data, is far smaller than the Mg/Ca increase since the Late Cretaceous (about 400%). There are also a few specimens in our dataset (Pa4 from Seymour Island and Mi7 from Poland) that likely grew at temperatures <20°C. Evidence for sample Pa4 comes from clumped isotope analyses of Eocene-age bivalve shells from Seymour Island (Douglas et al., 2014) . Evidence for sample Mi7 comes from estimates of middle Miocene sea surface temperatures summarized in You et al. (2009) . Cold growth temperatures have the potential to bias Mg/Ca ratios in these samples toward lower values. However, we find that neither sample defines the minimum of our Mg/Ca record and both fall well within the range of values measured for fossil corals of similar geologic age.
We also consider how Cenozoic cooling may affect fossil coral Mg/Ca ratios. If we conservatively estimate that tropical temperatures were $4°C higher during the Early Cenozoic than today (Keating-Bitonti et al., 2011) , and if we remove the temperature dependence of coral Mg/Ca associated with this change, we calculate that reconstructed Mg/Ca ratios during the Cretaceous should be $13% lower than the measured values suggest. In this way, accounting for the temperature change related to Cenozoic cooling slightly amplifies (by about 0.1 mol/mol) the difference between low seawater Mg/Ca ratios in the Mesozoic and high seawater Mg/Ca ratios in the late Cenozoic. This calculation confirms that trends observed in the coral Mg/Ca data cannot be explained by a response to temperature change.
To further illustrate the robustness of the Mg/Ca change inferred from fossil corals, we plot three additional representations of Mg/Ca ratios measured in corals against their geologic age (Fig. 11) . Fig. 11a shows averages of coral Mg/ Ca ratios including high-Mn analyses and demonstrates the impact of using Mn/Ca as a diagenetic indicator. Data are colored according to Mn content. While it may still be possible to observe the general trend toward higher Mg/Ca ratios between the Cretaceous and today, many of the average Mg/Ca ratios plotted (especially for samples of Eocene age and older) are skewed toward higher values. The highest Mg/Ca ratios plotted in Fig. 11a correspond to samples with high Mn/Ca ratios, consistent with the observation that high Mn/Ca ratios occur with high Mg/Ca ratios (as well as low Sr/Ca ratios: see Fig. 5 ). These observations reinforce two conclusions made previously. First, Mn/Ca is a strong indicator of small-scale recrystallization in aragonitic fossil corals. Second, it is clear that some generally well preserved corals exhibit small-scale recrystallization. Microanalysis techniques such as those employed here are essential for recovering primary geochemical information from these samples. measured in samples of similar geologic age does not appear to greatly change with time, further supporting the good preservation of our samples. Fig. 11b also more clearly shows that the rise in seawater Mg/Ca began around 80 Ma. Parenthetically, the linear increase shown in seawater Mg/Ca with time during the Cenozoic (when plotted on a logarithmic scale as in Fig. 11b and c) can be explained by invoking a constant rate of [Mg] rise and [Ca] fall. Fig. 11c shows the minimum Mg/Ca ratio (rather than the mean) of all SIMS spots measured in each coral specimen. This representation would be appropriate if corals precipitate their skeletons from a closed batch of seawater via a Rayleigh distillation process, and the most Sr-rich and Mg-poor spot approximates initial precipitation from unfractionated seawater. Fig. 11c still portrays a Mg/Ca change in fossil corals of similar magnitude and timing as observed in the plot of average coral Mg/Ca (Fig. 11b) , but the scatter is greater. Part of the scatter in minimum Mg/Ca values may result from the fact that we have not always captured the initial phase of the Rayleigh process.
Our more complete Mg/Ca record allows us to determine when seawater Mg/Ca began to increase toward its present day value ($80 Ma), and suggests that the Cenozoic transition from calcite to aragonite sea (Mg/ Ca = 2 mol/mol according to Hardie, 1987) occurred at $40 Ma. At least half of the total change in seawater Mg/Ca between the middle Cretaceous and today appears to have occurred within the last 15-20 My. Our data also strengthen the link between low Cretaceous seawater Mg/ Ca and the presence of Late Cretaceous-age corals with primary calcite skeletons (Stolarski et al., 2007) . Surprisingly, the coral archive suggests that Mg/Ca ratios during the Late Triassic were low -about 1/3 of the modern ratio (Figs. 10a and 11 ). This period is generally thought to be a time when inorganic CaCO 3 precipitated from seawater as aragonite ('aragonite seas'), implying high seawater Mg/Ca ratios. Our results, along with data from brine inclusions and fossil echinoderms ( Fig. 10a ; Lowenstein et al., 2001 Lowenstein et al., , 2003 Lowenstein et al., , 2005 Dickson, 2002 Dickson, , 2004 Horita et al., 2002; Timofeeff et al., 2006; Brennan et al., 2013) , instead suggest that the Triassic transition from high Mg/Ca seawater to low Mg/Ca seawater may have occurred prior to 230 Ma. The apparent mismatch between the timing of Mg/Ca and mineralogical change during the Triassic, which is also observed for the Carboniferous (Holt et al., 2014) , may be related to the observation that carbonate mineralogy also depends on seawater SO 4 2À , temperature, alkalinity, saturation state, and pCO 2 (Burton and Walter, 1991; Morse et al., 1997; Lee and Morse, 2010; Bots et al., 2011) . This improved understanding of the timing of changes in seawater Mg/Ca may be useful in helping to test key hypotheses that seek to determine the geologic controls on seawater chemistry and long-term climate (e.g., changes in the rates of dolomitization through time, changes in the rates of either low or high temperature hydrothermal alteration, or changes in the river flux of Mg relative to Ca: Wilkinson and Algeo, 1989; Hardie, 1996; Stanley and Hardie, 1998; Horita et al., 2002; Holland, 2005; Broecker, 2013) .
Secular variations in seawater Sr/Ca
We calculate seawater Sr/Ca ratios using a partition coefficient, K D Sr/Ca = (Sr/Ca) coral /(Sr/Ca) seawater = 1.13, based on an average of modern coral SIMS and bulk measurements as in Section 3.2 for Mg/Ca ( Fig. 10b ; Allison and Finch, 2004; Electronic Annex EA-16) . Because coral Sr/Ca ratios are also slightly temperature sensitive, ($1% decrease in Sr/Ca for every 1°C increase in temperature), we have assessed the effects of temperature on fossil coral Sr/Ca (Beck et al., 1992 (Beck et al., , 1997 de Villiers et al., 1994; McCulloch et al., 1994; Corrège et al., 2004; Watanabe et al., 2011) . Assuming (as noted earlier for the case of Mg/Ca ratios) that most fossil corals in our sample set lived in waters ranging in temperature from 20 to 35°C, we would expect a range in coral Sr/Ca of ±7.7% for corals of similar geologic age. This range of variability is similar to the observed variability in reconstructed Sr/Ca of about ±10% for corals of the same geologic age. We can also calculate the magnitude of temperature-induced Sr/Ca change as a consequence of Cenozoic cooling. A cooling of 4°C between the Early Paleogene and today as estimated previously would result in a $4% increase in coral Sr/Ca ratios between the Paleogene and today. This temperatureinduced change is much smaller than the observed Cenozoic change and in the opposite direction, suggesting that temperature effects do not significantly bias our reconstructions.
Our fossil coral record is generally consistent with other biogenic carbonate-based records of seawater Sr/Ca (Lear et al., 2003; Tripati et al., 2009; Balter et al., 2011; Sosdian et al., 2012; Evans et al., 2013;  Fig. 10b ) but disagrees with two independent records from hydrothermal calcium carbonate veins (CCV) (Coggon et al., 2010; Rausch et al., 2013) . We favor the fossil Sr/Ca records rather than the CCVs. The calculation of seawater Sr/Ca ratios from fossil biogenic carbonates is based on exhaustive observations of Sr/Ca in modern CaCO 3 skeletons. It is also based on empirical results from culture experiments showing that the Sr/Ca ratio of CaCO 3 skeletons scales with that of seawater (Lewin and Chow, 1961; Lorens and Bender, 1980; Swart, 1981) . Such a detailed empirical and mechanistic basis is lacking for Sr/Ca in CCVs, and the precipitation rate-dependence of the Sr/Ca ratio in inorganic calcites (e.g., Lorens, 1981; Tang et al., 2008 ) is problematic.
Several fossil coral samples dating to the Early Cenozoic have Sr/Ca ratios $15% higher than modern and Sr/Ca in fossil corals decreases steadily between the Early Cenozoic and present. A single sample dated to $71 Ma by Sr-isotope stratigraphy has the highest Sr/Ca ratio in our record. This result supports the inference of high seawater Sr/Ca ratios during the Late Cretaceous based on benthic foraminifera and fossil fish teeth (Lear et al., 2003; Balter et al., 2011) , but needs to be confirmed with additional samples. Our few samples older than 100 Ma have Sr/Ca ratios similar to modern, consistent with a Mesozoic and Paleozoic record from brachiopods, belemnites and rudists (Steuber and Veizer, 2002) .
Despite general agreement between biogenic carbonate records, there also are differences between the various records during the Cenozoic. Although there are large uncertainties in the gastropod seawater Sr/Ca records that overlap with the other biogenic records (Tripati et al., 2009; Sosdian et al., 2012) , the gastropods give higher average estimates for seawater Sr/Ca. This may be partly related to uncertainties in interspecific offsets and temperature sensitivities (Sosdian et al., 2012) . In addition, there is modest divergence between fossil corals, benthic foraminifera, and fish teeth during the middle Cenozoic (Lear et al., 2003; Balter et al., 2011) . We suggest that the Sr/ Ca history of seawater is likely bounded by our fossil corals and the benthic foraminifera and fish teeth records.
CONCLUSION
Studies of the mineralogy, crystal habit, clumped isotope composition, Sr isotope composition, and trace element geochemistry (especially Mn/Ca) of fossil corals have allowed us to constrain the extent of diagenetic alteration in $60 well preserved fossil corals. SIMS studies of Sr/Ca and Mg/Ca in these samples suggest that well preserved fossil corals can produce useful records of seawater paleochemistry. These samples can also be used in future studies to explore additional seawater properties of interest. Many of our samples are from museum or government collections and are essentially in the public domain. We find that seawater Sr/ Ca was higher than today during the Late Cretaceous and Early Paleogene, consistent with other biogenic records of Sr/Ca. Our Mg/Ca record agrees with existing records and suggests low seawater Mg/Ca during the Mesozoic and high seawater Mg/Ca ratios today. The initial increase in Mg/Ca towards the present value appears to occur at $80 Ma, and the Cenozoic transition from calcite to aragonite seas occurs in the Middle to Late Eocene. Sr/Ca and Mg/Ca records from well preserved fossil corals may help constrain major element cycling on Earth's surface and the relationship between seawater chemistry and Earth's climate state.
